Effect of Pulsation Width Modulation (PWM) on the Performance of an Evaporator by Wang, Xiaofei et al.
Purdue University
Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference School of Mechanical Engineering
2014
Effect of Pulsation Width Modulation (PWM) on
the Performance of an Evaporator
Xiaofei Wang





Follow this and additional works at: http://docs.lib.purdue.edu/iracc
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Wang, Xiaofei; Tang, Ke; and Hrnjak, Predrag S., "Effect of Pulsation Width Modulation (PWM) on the Performance of an
Evaporator" (2014). International Refrigeration and Air Conditioning Conference. Paper 1536.
http://docs.lib.purdue.edu/iracc/1536
 




 International Refrigeration and Air Conditioning Conference at Purdue, July 14-17, 2014 
 





 and P.S. Hrnjak
1,2 
1) 
Mechanical Science and Engineering, University of Illinois, Urbana, IL  61801, 
2)
 CTS, Urbana, IL 61802 
3)
 Institute of Refrigeration and Cryogenics, Zhejiang University, Hangzhou,310027,China  
 
        Pulsating flow can increase the heat transfer coefficient when a two-phase flow passes through a single 
horizontal tube through the following mechanisms: 1) When liquid-vapor two-phase flow and heat transfer occurs 
inside a tube, flow pulsations can change the flow pattern and increase liquid-wall contact area at a fixed void 
fraction, thus increasing the heat transfer coefficient; 2) Local pressure at some locations in the tube will drop more 
with pulsating flow, and the attendant reduction saturation temperature can increase local evaporation and  heat 
transfer. However, the effects of pulsation are more complex for pulsations within a practical evaporator for which 
the use of a multi-tube construction and the presence of tube bends at the end of each tube certainly affect the 
resulting flow. In this case, it is anticipated that pulsation width modulation is very important for evaporator 
performance enhancement. Moreover, local pressure drop in the evaporator increases due to the pulsating flow, and 
this needs to be taken into account for practical evaporators when considering pulsation as a method of heat transfer 
performance enhancement. 
        In this work, the effects of pulsation width on heat transfer coefficient and pressure drop in an air-to-refrigerant 
evaporator have been studied experimentally. An experimental system has been developed with two separate but 
identical evaporators located in separate but identical wind tunnels. The pulsation width can be controlled with a 
minimum period of 1s. Average heat transfer coefficient, local heat transfer coefficient and pressure drop have been 
measured and compared with and without pulsating flow.  
Keywords: pulsating flow, pulsation width modulate, evaporator control, heat transfer coefficient, two-phase flow 
regime. 
Introduction 
      Flow pulsation which is also known as mechanical vibration or fluid-borne oscillation can certainly change the 
heat transfer performance. For one case, if the pulsating flow is under a convective heat transfer condition, the 
pulsations would alter the thickness of the boundary layer and hence the thermal resistance, which will affect heat 
transfer performance. For another case, if the pulsating flow is under a condition that flow boiling might occur, for 
the pressure change during the pulsating flow, local flow might be exposed to cavitation effect, which will also 
affect heat transfer performance. There are a lot of research on pulsating flow and heat transfer, some research show 
an enhancement of heat transfer performance by using pulsating flow, some show no effect. In a turbulent region, 
Martinelli[1-2] and Msrchant[3] found no difference in heat transfer between steady unidirectional flow and 
pulsating flow; West and Taylor found an increasing of 60-70%[4]. In a laminar region, Marchant noted a slight 
increase [3], Morris [5] and Webb[6] found no change. Gao, H., Zeng, DL[7] found that with a self-oscillator nozzle 
in a system, heat transfer performance increases about 10-30%. In their later work [8], they found the geometric 
structure of the self-oscillator nozzle can affect the pulsating flow and so to the heat transfer coefficient. The 
pressure increasing by the self-oscillator nozzle can be neglected compared with the improvement of heat transfer 
coefficient. Zohir [9] conducted experiments to compare parallel flow and counter flow when pulsing flow was 
generated, he found that pulsing flow can increase heat transfer coefficient to about 20% max in parallel flow and 
about 90% max in counter flow. In Zohir’s recent work[10], he found that heat transfer performance is improve with 
pulsing flow, and the enhancement reaches a peak value when the flow regime is transition flow. For all pulsation 
frequencies, the highest enhancement is about 10 times at the maximum amplitude with convective heat transfer for 
the counter flow and about 8 times for the parallel flow. Linke[11] found an increasing in heat transfer by 4 times 
for laminar region and 1.35 times for turbulent region. Guo etc[12] investigated the pulsating flow effect when the 
pipe partially filled with a porous medium using numerical method, by using combination of pulsating flow and 
porous medium, they demanded an increasing in thermal conductivity along the tube length direction and an 
increasing in convective heat transfer coefficient. The result shows that the maximum heat transfer enhancement can 
be achieved by optimizing the frequency. Recently, Pahgoshay[13] conducted research on nanofluids in a pulsating 
flow using numerical method, the result shows that heat transfer coefficient increase slightly when increasing 
frequency and amplitude.  Stanton found no difference between a static and a vibrating flow by using a finned 
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energy-cylinder[14], Kubanshii found a 50% increasing in heat transfer performance[15], Andreas[16] also found 
pulsating flow can enhance heat transfer. Bose[17] found pulsing flow can increase heat transfer, so decrease 
depending on the pulsating frequency, and pulsing amplitude. There is a critical frequency which is a function of 
wave-form and Re number; there is only a decreasing for heat transfer performance if the amplitude is very low. 
      Most prior research used water, oil and water mixture, or air as working media, and the effect of pulsating flow 
on heat transfer performance does not agree with each other, some research even give controversial results.  So far 
there is no research on refrigerant pulsating flow. In this work, refrigerant R134a will be used as the working media, 
and pulsating flow generated by solenoid valve in an evaporator will be studied experimentally.  
Experimental approach and facilities 
The system includes three loops: refrigerant loop, chilled water loop and air loop.  The refrigerant loop and chilled 
water loop are shown in Figure.1 in red and blue line respectively, while the air loop is shown in Figure 6. The 
chilled water loop is used to cool down the refrigerant and provide a certain subcool for refrigerant. The air loop is 
used to heat the refrigerant while the refrigerant flows through the evaporator. Refrigerant loop has two parallel 
identical subloops with one heat exchanger (evaporator) in each of them, therefore, the rest refrigerant loop will not 
be affected while pulsation occurs. 
1. Refrigerant loop 
In Figure.1, subcooled refrigerant is pumped from a subcooler by a gear pump with total flow rate measured by a 
flow meter, then refrigerant flows through a controllable heater which can adjust refrigerant to a certain vapor 
quality. After that, the refrigerant loop is divided into two identical subloops, subloop1 and subloop2.  Each subloop 
includes a valve, a solenoid valve, a heat exchanger, a controllable heater, a sight glass.  All elements of the two 
subloops are identical as shown in Figure.1. After refrigerant pass the sight glass, these two subloops are combined 
and connected to a common loop, then it flow through another flow meter to a condenser, a receiver and a subcooler, 
eventually back to the pump and complete one cycle.   
Refrigerant mass flow rate will be measured by micro-motion as mri before it divided into two loops, and its 
temperature Tri will also be measured for comparison of the status. The temperature Trisat and prisat will be measured 
too after refrigerant pass the first heater which is controlled by adjusting the input voltage and the input power Qri is 
measured by a watts transducer. Solenoid valve is used to control the pulsating flow period by on and off at a certain 
frequency, the period can be from 0.1s to 60s.  Temperatures of refrigerant before and after it pass each heat 
exchanger in each loop Tri1, Tri2, Tro1, Tro2 are watched and differential pressures between it gets in and out of each 
heat exchanger Δp1 Δp2 are also measured. Heater in each separated subloop is used to heat refrigerant to a certain 
super heat which is control by a PID controller and the input power Qro1, Qro2 will be measured by a watts transducer 
too. Sight glass in each subloop is used to help watch the status of refrigerant. Mass flow rate of refrigerant from two 
subloops mro will also be measure for watching instant mass flow rate when pulsation occurs.                                                              
2. Chiller water loop 
Chiller water is used to cool the refrigerant vapor in condenser and subcooler. The loop is shown in Figure.1 in blue 
lines. The cooling capacity can be adjusted by adjusting the flow rate using the adjusting valve. The temperature of 
chiller water is measured before and after it passes the condenser. 
3. Air loop 
Air loops (wind tunnels) are shown in Figure.3. There are two identical wind tunnels with identical elements located 
inside each of them. Heat exchanger is located on the top of wind tunnel with thermocouple screen above and below 
it. A nozzle is used to measure air flow rate, and blower is used to circulate air in the wind tunnel which is controlled 
by a speed controller for adjustable air flow rate.  Inlet air is at the temperature Tai which is measured at different 
locations as shown in Figure 4. There are 9 thermocouples for each screen, which is 0.03m from the heat exchanger 
top. The thermocouples are connected as one channel to the data logger, providing the average inlet temperature Tai. 
Temperature of outlet air after passing the evaporator is also measure with 18 thermocouples that are attached to the 
screen at different locations as shown in Figure 5. The screen is 0.015m from the bottom of the heat exchanger.  
There are two different operations in this work for comparison. One is refrigerant continuous flow mode, and the 
other is pulsating flow mode.  For continuous flow mode, one refrigerant subloop is closed and only one is on. The 
control parameters include refrigerant inlet mass flow rate mri, vapor inlet quality xin, and air mass flow rate ma. By 
measuring refrigerant inlet temperature Tri, outlet temperature Tro, superheat temperature Trsup, heater input output 
Qri, Qro, refrigerant side heat transfer rate Qr can be obtained. For pulsating flow mode, both refrigerant loops are on 
and off with solenoid valve on and off alternatively, when one loop is on, the other one is off. The pulsation period 
can be controlled by a timer. The control parameters have pulsation period τ and on-time ration µ added except 
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parameters for continuous mode, as shown in Fiugure.6. By comparing heat transfer rate of continuous flow mode 
and pulsating flow mode, the improvement of heat transfer by pulsation can be estimated. 
 
 
               Figure.1 Sketch of the system                                          Figure.2 Heat exchangers 
 
  
Figure.3 Sketch of Wind tunnel                                                     Figure 4. Inlet air thermocouple screen                      
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       Figure 5. Outlet air thermocouple screen                Figure 6. Pulsating period and on ration  
                    
                       (a)                                                                            (b) 
Figure.7 Stretch for data reduction (a) Refrigerant side (b) air side 
Data reduction stretch is shown in Figure.7. For continuous flow: 
                                                                                                                                       (1) 




Where cpa is air specific heat, Tan is air temperature when it flows out of nozzle. 






In the eq.(5), Tan,ave is the nozzle outlet air average temperature. 
 
 
Experimental results and Discussion 
 
(a)                                                                   (b) 
Figure.8 Air temperature variation with and without pulsation 
Air side temperature is shown in Figure.8, in which (a) is the results with pulsation and (b) without pulsation. In 
Figure.8(a), Tn1,Tn2 is nozzle1 and 2 outlet air temperature, Tai1 and Tai2 is wind tunnel 1 and 2 inlet air temperature. 
The refrigerant mass flow rate is 6.34 g/s for pulsating flow and 3.25 g/s for continuous flow. Air flow rate keep the 
same for pulsating and continuous flow. It can be noticed that the air outlet temperature changing with time in a 
period, which is about 40s for one period. This is agreeable with pulsating flow period. The difference between air 
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inlet and outlet temperature is very close for pulsating flow and continuous flow under this situation. But so far we 
have only very limit data, we can not give any conclusion about whether pulsating flow can enhance heat transfer 
performance. More data will follow and a detail discussion will provide then. 
Conclusion  
An experimental system for pulsating flow and heat transfer performance is build, pulsating flow can be generated 
in this system with controllable period. We have obtained very limited data right now and more data will be 
provided for pulsating flow regime observation and heat transfer performance measurement. 
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